This study examined the ocular compensation to lens-induced defocus in chick and the effect of interrupting lens wear on a daily basis. Eyes fitted with +10 D lenses at hatching compensated rapidly, with almost complete compensation after 4 days of lens wear; they had decreased vitreous chamber depth compared to normal eyes and were thus hyperopic when the lenses were removed. In contrast, adaptation to the -10 D lenses was much slower, was still incomplete after 9 days of lens wear, and in this case, eyes had increased vitreous chamber depth and were myopic without the lenses. Adaptation improved when lens wear was delayed until 7 days after hatching. The effect of interrupting lens wear by periods of normal vision varied with the sign of the lenses worn. Hyperopia was always seen in response to +10 D lenses, although the magnitude of the response decreased as the duration of lens wear was decreased. In contrast, even brief periods of normal vision, i.e., 3 hi', prevented the development of myopia in response to the -10 D lenses; this apparent sensitivity to normal vision is similar to that reported for form-deprivation myopia. Ciliary nerve section used here to eliminate accommodation did not alter these response patterns.
INTRODUCTION
A variety of animal species are born with refractive errors that tend to diminish with time. This process of emmetropization is exemplified in chicks which, at hatching, show highly variable, usually hyperopic, refractive errors that disappear with normal development (Wallman, Adams & Trachtman, 1981) . Chicks have also been shown to compensate well for artificially induced refractive errors, presumably using the same emmetropization mechanism. Thus hyperopia is produced in response to positive spectacle lenses and myopia is produced in response to negative spectacle lenses, such that functional emmetropia is attained with the lenses in place (Schaeffel, Glasser & Howland, 1988; Irving, Sivak & Callender, 1992) . While these results imply that the regulatory mechanism underlying emmetropization can determine the sign as well as the magnitude of imposed focusing errors, little is known about how this is done or how this information is translated into eye growth changes. In the study described here, we sought to obtain further insight into these compensatory mechanisms, using an interrupted lens wear paradigm in which chicks were exposed each day to both focusing errors imposed by lenses and normal vision. Continuous lens wear has been used in all previous studies.
Our study also provides another perspective on the question of whether the same or different mechanisms underlie form-deprivation and lens-induced myopia. In chicks, both hyperopic defocus [using negative lenses (Schaeffel et al., 1988; Irving et al., 1992) ] and form deprivation [using either diffusers to cover the eye or lid suture (Wallman & Adams, 1987; Yinon, Koslowe, Lobel, Landshman & Barishak, 1982 /1983 ] cause axial elongation and myopia. Although the simplest hypothesis is that the same mechanism underlies both forms of myopia, Schaeffel and Howland (1991) proposed that different processes might be involved. Recent studies have identified a number of differences supporting this proposal. Firstly, while intravitreal injection of 6-hydroxydopamine inhibits form-deprivation myopia, it does not prevent the ocular adaptation to negative spectacle lenses (Schaeffel, Hagel, Bartmann, Kohler & Zrenner, 1994) ; secondly, continuous light inhibits formdeprivation myopia but not lens-induced myopia (Bartmann, and finally, optic nerve section (ONS) reduces the myopia from negative lenses (Wildsoet & Wallman, 1995) but not that from form deprivation (Troilo, Gottlieb & Wallman, 1987; Wildsoet & Pettigrew, 1988) . It has been shown that the form-deprivation response is highly sensitive to interruption by brief daily periods of normal vision with only short periods (between 15 min and 3 hr) being sufficient to negate the effects of deprivation for the remainder of the day (Nickla, Gottlieb, Christensen, Pena, Teakle & Wallman, 1989; Vingrys, Squires, Napper, Barrington, Vessey & Brennan, 1991) . The current study asks whether lens-induced myopia, like form-deprivation myopia, is reduced when treatment is interrupted by periods of normal vision. For comparison, we included lens-induced hyperopia and we also investigated the effect of eliminating accommodation by ciliary nerve section (CNS). Accommodation may be important as it can be used to reduce imposed blur, especially for the negative lenses.
Our results showed that compensation to positive and negative lenses is differentially affected by interrupting lens wear by periods of normal vision. While the magnitude of compensatory hyperopia varied in proportion to the duration of daily positive lens wear, little myopia was seen except when negative lenses were worn continuously. Ciliary nerve section did not alter these response patterns, thus ruling out accommodation as the cause of differences in sensitivity to normal vision between the positive and negative lens treatments.
METHODS

Animals
Male, White Leghorn-New Hampshire cross chicks (Gallus gallus domesticus) were obtained from a local hatchery (Bond Enterprises) on the day of hatching. They were raised in temperature-controlled (30°C) cages with food and water provided ad libitum. An average illumination of 250 lux at the level of the food troughs was provided by overhead daylight fluorescent tubes on a 12 hr light/12 hr dark diurnal light cycle with lights on at 7 a.m. and off at 7 p.m.
Treatment protocol
The different treatment groups and the number of chicks in each group are summarized in Table 1. In the initial study, chicks wore a spectacle lens (-10 D, +10 D or piano) over one eye from hatching for either 1, 3, 6, 9 or 12 hr per day with normal vision for the remaining light hours, i.e., 11, 9, 6, 3 or 0 hr per day, respectively. Approximately equal numbers of right and left eyes were involved. For practical reasons, normal vision was provided in one complete block of time at either the beginning (a.m.) or the end (p.m.) of the light cycle ( Fig.  1 ) and the experiment was repeated so as to obtain results for six or seven chicks for each experimental condition. Approximately equal numbers of chicks were assigned to each combination of lens wearing schedule and lens power in each trial.
A further study was undertaken using a similar design but in which unilateral CNS surgery was performed at hatching; the lesioned eyes were fitted with lenses on day 7. This delay was necessary to ensure that normal lid function had returned after the surgery. Also, because these older birds showed an improved response to the -10 D lens relative to the younger birds used in the initial study, a further study, more limited in scale, was run in which the effect of interrupting lens wear was examined using chicks that were not subjected to the CNS surgery but had lens wear similarly delayed; -10 or +10 D lenses were again used and lens wear was either constant or interrupted with 3 hr of normal vision per day.
Lenses
The lenses were modified human polymethylmethacrylate (PMMA) contact lenses with 12 mm diameters, large optic zones (10.5-11.5 mm) and 8.0 mm back optic radii. Lenses were attached to the chicks by means of velcro ring supports (Fig. 1) , which enabled the lenses to be applied as required and removed for cleaning.
Ciliary nerve section surgery (CNS)
Ciliary nerve section was performed on left eyes under halothane (1.5-2.0% in oxygen) anaesthesia. The details of this procedure are described elsewhere (Wildsoet, Howland, Falconer & Dick, 1993) . The surgery resulted in slight, generally transient, loss of lid function; chicks whose lid action had not recovered by day 4 were excluded from the study. To verify the efficacy of the (ii) 7am NV 7pm FIGURE 1. (A) Spectacle lenses were modified human PMMA contact lenses and were applied to chicks using velcro support rings to allow their easy removal. (B) Schematic representation of the wearing schedule. The period of lens wear (LW) was always given in a complete block, either at the beginning (i) or at the end (ii) of the day; for the remainder of this period, the lens was removed and chicks experienced "normal vision" (NV).
surgery we monitored, at 3 day intervals, accommodation using infrared video-retinoscopy (Schaeffel, Farkas & Howland, 1987) and pupil responses using a pen-torch, with the chicks being encouraged to look at near targets and also to accommodate over negative spectacle lenses (-4 and -8 D) during this assessment. CNS eyes showed non-reactive, widely dilated pupils and no accommodation, and none recovered either pupil or accommodative function over the experimental period.
Measurements
To determine refractive errors and internal axial ocular dimensions, static retinoscopy and A-scan ultrasonography, respectively, were used on chicks anaesthetized with halothane (1.5% in oxygen). Anterior chamber depth, axial lens thickness and vitreous chamber depth were measured and internal axial length subsequently derived by summation of these components. Corneal power was derived from corneal curvatures measured by infrared video-keratometry [using a refractive index of 1.33749 (Howland & Sayles, 1985; ] on chicks anaesthetized by a mixture (0.5 ml/kg of 2:1 mix) of ketamine (100 mg/ml) and xylazine (Rhompun, 20 mg/ml). Both refractive errors and corneal power were expressed as the average of readings obtained for the two principal meridians. All measurements were recorded on both days 5 and 10 for treatments starting at hatching, and on day 11 when lens wear started on day 7.
Vitreous chamber depths and thus internal axial lengths reflect in part the thickness of the choroid, which is known to expand substantially in response to positive lenses [thus moving the retina forward (Wallman, Wildsoet, Xu, Gottlieb, Nickla, Marran, Krebs & Christensen, 1995) ]. However, choroidal thickness could not be reliably measured with the A-scan ultrasonography system used. Thus instead, as an index of the relative contributions of the choroid and sclera to the responses observed in the younger chicks with intact ciliary nerves, external axial dimensions were also measured and changes with treatment compared with ultrasonography data. Chicks were sacrificed with an overdose of sodium pentobarbitone after the final in vivo measurements; external axial length and equatorial diameter were then measured on enucleated eyes using digital calipers (Wildsoet & Pettigrew, 1988 ). Daily Period of Normal Vision 0 3 6 9 FIGURE 2. The effect of interrupting lens wear by a variable period of normal vision on adaptation to spectacle lenses. The difference (mean ± SE) on day 5, in (A) refractive error, (B) vitreous chamber depth and (C) axial length between lens-treated and normal eyes for +10 and -10D lens treatment groups are shown. Insets show equivalent data measured on day 10. The mean effect of piano lenses worn constantly is indicated by the arrows. Results significantly different, at *P < 0.05, **P < 0.01, ***P < 0.005, Mann-Whitney Utest (two-tailed), from the piano treatment group are indicated.
Experiments were conducted in accordance with the "Australian code of practice for the care and use of animals for scientific purposes" of the NHMRC. Some of these results have been previously presented in abstract form (Schmid, Wildsoet & Pettigrew, 1993) .
RESULTS
Constant lens wear
Nearly complete refractive compensation for both the -10 and +10 D lenses was observed by the end of the monitoring period of 10 days, although the response to the positive lenses occurred more rapidly [ Fig. 2(A) , inset shows day 10 data]. These trends are similar to those reported by Irving, Sivak and Callender (1992) and Wildsoet and Wallman (1995) . With the +10D lens which imposed myopic defocus, eyes had approximately compensated for the lenses by day 5, being +8.3 D more hyperopic than their fellow normal eyes [Fig. 2(A) ]; this response was also maintained over the subsequent 4 days of lens wear. In contrast, with the -10 D lens which impose hyperopic defocus, eyes were only -1.7 D more myopic than their fellows on day 5; in this case, more complete compensation was achieved by day 10 when lens-treated eyes were now -6.2 D more myopic than their fellows. The refractive changes were statistically significant for both lens types at both time points (P < 0.005, +10 D; P < 0.05, P < 0.01, -10 D; WSRT), although the positive lens had a significantly greater absolute effect than did the negative lenses at 5 days (P < 0.01, MWUT). Eyes fitted with piano lenses showed little change in refraction; these eyes were very slightly hyperopic relative to normal on days 5 and 10 (+1.0 and +0.2 D, respectively).
Refractive compensation was achieved primarily through altered vitreous chamber growth [ Fig. 2 (B)], with hyperopia being linked with shorter than normal vitreous chambers, and myopia with longer vitreous chambers. This is reflected in the high correlation between changes in refractive error and vitreous chamber depth for data pooled across lens treatments ( Fig. 3 ; r=0.85, P=0.0001). For the +10D lens, which
Data analysis
A one-way ANOVA was used to assess the overall effect of varying periods of normal vision on lens adaptation. The Mann-Whitney U-test (MWUT) was then used to compare different treatment groups using interocular differences, determined for each animal, as indices of treatment effects. Treatment effects were also specifically assessed by comparing treated and normal eyes using the Wilcoxon matched-pairs signed-ranks test 0VSRT). Data for equivalent "a.m." and "p.m." groups were pooled for this analysis. The data for each of the "1 hr lens wear" subgroup were also compared using the MWUT. A further comparison across treatment groups of contralateral eyes was also undertaken using the MWUT to analyse for any indirect effects of the treatments.
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,t : 4. The effect of interrupting lens wear by a variable period of normal vision on adaptation to spectacle lenses following CNS. The difference (mean + SE) on day 11, in (A) refractive error, (B) vitreous chamber depth and (C) axial length between lens-treated and normal eyes for +10 and -10 D lens treatment groups are shown. The arrows indicate mean data for the CNS-plano group, the true baseline against which the other lens data should be compared. Results significantly different, at *P < 0.05, **P < 0.01, ***P < 0.005, Mann-Whitney Utest (two-tailed), from the plano-CNS control group are indicated.
produced hyperopia, the vitreous chambers of treated eyes were 0.29 mm shorter than their fellows by day 5, this difference being slightly reduced by day 10 (0.17 mm). On the other hand, eyes becoming myopic with -10 D lens had vitreous chambers which were 0.15 mm longer than their fellows by day 5 and this difference increased further to 0.27 mm by day 10, in parallel with the increase in myopia. These effects on vitreous chamber dimensions were all statistically significant (P < 0,005, +10 D; P < 0.01, --10 D; WSRT). While a slight reduction in vitreous chamber depth (0.07 mm) was seen with piano lens wear, this effect was not significant [P > 0.05, WSRT; Fig. 2 
(B)].
Lens wear per se resulted in corneal flattening by day 10 and was most pronounced for eyes wearing the +10 D lens, perhaps reflecting an inhibitory effect of the latter on accommodative tone. Differences between treated and fellow eyes of 5.8, 2.2 and 3.0 D for the +10 D, --10 D and piano groups, respectively, were all statistically significant (P < 0.01, P < 0.05, P < 0.05, respectively, WSRT). These changes complemented the vitreous chamber effect on refraction in the case of the +10 D lenses and partly offset that produced with the -10 D lenses. Neither anterior chamber depth nor axial lens thickness was affected by the lens treatments, and thus internal axial length and vitreous chamber data correlate well for both lens powers on day 10 [r = 0.95, P < 0.005, +10 D lens; r = 0.85, P < 0.05, -10 D lens; cf. Fig. 2 (B) and (C)].
Interrupted lens wear
The daily interruption of lens wear by normal vision reduced the refractive compensation to both the +10 and -10 D lenses although in different ways [ Fig. 2(A) ]. One-way analysis of variance confirmed the statistical significance of the differences between the treatment groups, in the case of the positive lenses, on both days 5 and 10 (ANOVA: F4,35 = 7.91, P < 0.001, F4,33 = 7.67, P < 0.001 respectively), and in the case of the negative lenses, on day 10 (ANOVA: F4,34 = 16.17, P < 0.001).
The hyperopic response to the +10 D lens (myopic defocus) was never entirely prevented by the interruption to lens wear, although as the period of lens wear was decreased, the amount of compensation also decreased in proportion to the duration of daily lens wear [ Fig. 2 
(B)].
The difference between the groups experiencing no normal vision (continuous wear) and 3 hr of normal vision was only 8% at day 5, i.e. +7.6 D compared to +8.3 D. Although 1 hr of daily lens wear produced significant hyperopia in lens-treated eyes compared to their fellows (P < 0.01, WSRT), 3 hr of lens wear per day was required to produce a refractive effect which was significantly different from that seen in the piano lens group (P < 0.05, MWUT). The 1 hr result thus presumably reflects nonspecific effects of lens wear; in fact, eyes wearing piano lenses were approx. 1 D hyperopic compared to their fellow normal eyes, regardless of the duration of lens wear (data not shown).
In contrast to the robustness of the positive lens response, even 3 hr of normal vision was sufficient to substantially reduce the response to the -10 D lens (hyperopic defocus); in this case, no refractive difference between treated and fellow eyes was recorded on day 5 and a difference of only -0.6 D (9% of that seen with constant wear) was measured on day 10. Refractive error differences between lens-treated eyes and their fellows were not statistically significant for any of the interrupted wearing schedules.
As with constant lens wear, the refractive changes observed with intermittent lens wear were primarily due to alterations in vitreous chamber depth [ Fig. 2(B) ]. Thus with the +10 D lens, vitreous chamber depths of treated eyes were always significantly shorter than the fellow eyes on both day 5 and day 10 and this effect decreased in parallel with the reduction in daily lens wear. On the other hand, the --10 D and piano lens groups, which showed little refractive response, also showed little
-10 D fmm7 CNS at day 2 to 10 days to 11 days -10 D from 7
to 11 days Treatment FIGURE 5. Comparison of adaptation to -10 D lenses worn constantly in terms of (A) refractive error and (B) vitreous chamber depth. Differences between treated and fellow eyes are shown on both days 5 and 10 (single scattered data point) for "intact" chicks wearing lenses from hatching, and on day 11 for delayed wear and CNS chicks. change in vitreous chamber dimensions; significant vitreous elongation was only observed on day 10 for the "9hr, -10D lens" treatment group (P<0.05, WSRT). Refractive error and vitreous chamber changes for pooled data also correlated well, although the reduced spread in these data resulted in a poorer correlation than seen with the "constant wear" data (r = 0.40, P < 0.001, at day 5).
All "intermittent wear" treatment groups exhibited the same trend seen in "constant wear" chicks towards corneal flattening that here increased with the duration of daily lens wear and only reached statistical significance in one case ("9 hr, +10 D lens", 2.6 D, P < 0.05, WSRT). This is consistent with our suggestion that apart from nonspecific effects associated with lens wear, positive lenses may cause additional corneal flattening by inhibiting accommodation. Here also the similarity in the trends in the vitreous chamber depth and axial length data [cf. Fig. 2 (B) and (C)] reflect the negligible changes in anterior chamber depth and axial lens thickness.
Did the time of day influence the response to intermittent lens wear? Although slightly greater hyperopia was observed in the "1 hr-a.m., +10 D lens" group compared with "1 hr-p.m., +10 D lens" group on day 5 (1.5 D difference, P< 0.05, MWUT), there was no equivalent difference at day 10 and no consistent differences in ocular dimensions at either time point.
Ciliary nerve section and constant lens wear
The older chicks adapted very well to the +10 and -10 D lenses despite having no accommodation [ Fig.  4(A) ]. Thus at day 11, after 5 days of lens wear, the +10D lens group showed almost perfect refractive compensation, i.e. a +10.6 D hyperopic shift in refraction in treated eyes relative to their fellows. The -10 D lens group also showed significant compensation, with a shift of 6.3 D in the myopic direction. The latter result contrasts with the relatively poor response to the -10 D lens in the younger birds over the same time interval ( -1.7 D); it took a further 5 days of lens wear to achieve a similar refractive effect in these birds [Fig. 5(A) ]. A similar improvement in compensation in birds that had their lens wear delayed by 7 days but were not subjected to the CNS surgery Fig. 5(A) ], suggests that age rather than the surgery underlies this difference in response. The equivalent +10 D lens group also showed good compensation (+7.0 D; Table 2 ). A plano-CNS group was included in this study to provide a direct index of the effect of the surgery; treated eyes showed only low amounts of hyperopia, similar to their fellow eyes [+1.3 D vs +1.9 D; Fig. 4(A) ].
The refractive changes in these CNS birds correlated well with interocular differences in vitreous chamber depth (r = 0.90, P = 0.0001, Fig. 3 ). These differences averaged -0.29 mm in the hyperopic +10 D lens group, and +0.41 mm in the myopic -10 D lens group, and were statistically significant [P< 0.005, WSRT; Fig.  4(B) ]. The control group fitted with -10 D lenses but not subjected to CNS surgery showed a 0.32 mm increase in vitreous chamber depth [Fig. 5(B) ]; the +10 D lens group showed a reduced vitreous chamber depth of 0.37 mm (Table 2) .
In contrast to the "intact" constant wear groups, changes in the anterior segments were observed in CNS birds that were in the same direction as the vitreous chamber changes for the +10 and -10 D lens groups TABLE 2. Differences between the ocular parameters of treated and fellow eyes of normal chicks wearing lenses from day 7 to day 11, either constantly or interrupted by 3 hr of normal vision daily Differences between group subjected to constant lens wear and group given 3 hr normal vision (NV) without lenses significant at *P < 0.05, **P < 0.01, ***P < 0.005; Mann-Whitney U-test (two-tailed).
although much smaller (-0.08 mm, +0.09 mm, respectively, data not shown); these effects underlie differences in vitreous chamber and internal axial length data (cf. Fig. 4 (B) and (C)] and were also statistically significant (P < 0.05, WSRT). Like the -10 D lens group, the piano lens group also had deeper anterior chambers (+0.07 mm, P < 0.05, WSRT). The anterior chamber effects were also coupled to corneal curvature changes; predictably, shallower than normal anterior chambers had flatter than normal corneas (by 4.6 D, P < 0.01, WSRT, +10 D-CNS group), while deep anterior chambers showed slight corneal steepening (0.7 D; -10 D-CNS group). Corneal steepening was not observed in the piano lens group. Lens thinning occurred in the all three lens treatment groups although less thinning occurred for the -10 D lens group compared with the piano lens group (0.04 mm cf. 0.08 mm, P < 0.05, MWUT). The changes described for the piano lens group are similar to those reported previously by Wildsoet et al. (1993) and presumably are artefacts of the CNS surgery; these changes were also offset in refractive terms by an increase in vitreous chamber depth in treated eyes (P < 0.01, WSRT).
Ciliary nerve section and interrupted lens wear
Intermittent lens wear for CNS eyes had refractive effects similar to those described for the "intact" eyes of the younger birds and which were statistically significant (ANOVA: F3,26 = 7.58, P < 0.001, -10 D; F3,26 = 7.61, P < 0.001, +10 D). Again the myopic response to the -10 D lens was most affected by reduced lens wearing time [ Fig. 4(A) ]; this response was reduced by 60% with the introduction of only 3 hr of normal vision -6.3 to -2.5 D, P < 0.005, MWUT) and was negligible for the other shorter wearing schedules. On the other hand, with the +10 D lenses, hyperopic shifts in refraction were always seen but decreased systematically with increasing daily exposure to normal vision, i.e., to 62% (+6.6 D), 42% (+4.5 D) and 25% (+2.7 D) for 3, 6 and 9 hr of normal vision compared to constant wear. Similar trends to those described for the "intact eyesintermittent wear" groups can be identified in the dimensional profiles of the related CNS groups. Firstly, the refractive changes in the various CNS groups correlated with changes in vitreous chamber depth (r = 0.54, P < 0.003), and here too the correlation was poorer than that seen for the equivalent "constant wear" group. Secondly, for the +10 D lens group, the inhibitory effect on vitreous chamber growth declined in parallel with the reduction in induced hyperopia as lens wear was reduced, although it was evident in all treatment groups [ Fig. 4(B) ]. Finally, the -10 D lens had little effect on vitreous chamber growth when not worn constantly, and thus resembled the piano lens in its response profile. Changes in axial growth, as measured in vivo, showed strong correlation with changes in vitreous chamber growth for both the +10 and -10D lens groups [r = 0.848, P < 0.05; r = 0.97, P < 0.02 respectively; cf. Fig. 4 (B) and (C)], again reflecting the generally negligible effect on the anterior segment of the various treatments. However, like the constant +10 D lens group, the "9 hr, +10D lens" group had shallow anterior chambers and flat corneas (0.09 mm, 4.4 D, P < 0.05, WSRT).
The results from the "intermittent vision" experiment (either constant or 9 hr wear out of 12 hr) using older chicks that were not subjected to CNS surgery are summarized in Table 2 and show similar trends to those described for both the younger birds and the older CNS group. For the +10 D lens, high hyperopia was still seen, even when lens wear was broken by 3 hr of normal vision (+7.4 D) whereas for the -10 D lens, compensation was dramatically reduced by a similar change to the wearing schedule (by 90%). Here also the refractive changes could be attributed to changes in vitreous chamber dimensions which were decreased in hyperopic eyes and increased in myopic eyes.
External eye data
To determine whether measured internal axial length changes reflected only changes in scleral growth or included a choroidal component, internal and external axial length measurements were compared; e.g., if choroidal thickening contributed to the shorter than normal vitreous chambers of eyes wearing +10 D lenses, then the interocular differences in internal axial length should exceed the corresponding difference in external axial length. The converse will be true for choroidal thinning, produced for example by the -10 D lens. This analysis was carried out on data (not shown) from the initial study where chicks wore lenses from hatch. Consistent with the internal axial length data, constant wear resulted in significantly shorter than normal external axial lengths for the +10 D lens (0.11 mm, P < 0.01, WSRT), and significantly longer than normal eyes for the -10 D lens (0.15 mm, P < 0.01, WSRT). With intermittent lens wear, the +10D lens-treated eyes also always had shorter axial dimensions than their fellows while the -10 D lens-treated eyes had longer external axial lengths only for the 9 hr wear schedule. The latter results mirror the trends evident in internal axial length data. Together the data imply that scleral growth changes contributed to the changes in refraction observed, although as the external axial changes were less than corresponding internal axial length changes (at least for "constant wear" groups), some contribution from the choroid must be assumed for the +10 D lens group.
DISCUSSION
We have shown in this paper that both hyperopic defocus and myopic defocus, when imposed by spectacle lenses (i.e., with negative and positive lenses resp.), using a constant wear paradigm, result in compensatory responses in chicks that shift their eyes towards emmetropia with the lenses on. These results are consistent with those of Schaeffel et al. (1988 ), Irving et al. (1992 and Wildsoet and Wallman (1995) and support the hypothesis that the chick eye can determine its refractive state and alter its growth to eliminate Period of Normal Vision (hrs/day) FIGURE 6. Comparison of predicted and measured changes in refractive error expressed as absolute values, for +10 and -10 D treatment groups (A) on day 10 for "intact" group and (B) on day 11 for CNS group. Predicted values were calculated on the basis that periods of lens wear and normal vision had equivalent effects on eye growth; values were obtained by linear extrapolation from the result for constant wear for which complete compensation was assumed.
Negative values indicate measured changes that were in the opposite direction to predictions. For the positive lenses, changes were close to predicted; for the negative lenses, changes were much less than predicted.
focusing errors. Also as noted by the same researchers, adaptation to positive lenses was more rapid and thus more complete over the time frame of our experiments than that to negative lenses, although the older birds (lenses on at day 7) compensated better than the hatchlings over the same time frame. We have also documented a further difference between the responses to positive and negative lenses using an intermittent lens wear paradigm: the response to negative lenses proved very sensitive to lens wear being interrupted, becoming negligible with the introduction of only 3 hr of normal vision, and contrasting with the more robust response to the positive lenses which decreased in proportion to the duration of lens wear. Ciliary nerve section, used to prevent accommodation, had little effect on these response patterns. In the following discussion, we examine how the data presented in this paper address some of the unresolved issues in relation to lens adaptation and emmetropization.
Intermittent defocus---effects on adaptation
The +10 D lens (myopic defocus), even when worn for only limited periods each day, always resulted in measurable hyperopia and shorter vitreous chambers, whereas myopia and longer vitreous chambers were only seen when the --10 D lens was worn constantly. The latter finding has a parallel in the previous report by Nickla et al. (1989) that form-deprivation effects are also sensitive to interruption; here as little as 15 min of normal vision substantially reduced the amount of myopia produced. Interestingly, eyes subjected to constant lens wear, irrespective of the sign of the lens, also showed equatorial enlargement (0.16 and 0.11 mm for the +10 and --10 D lens groups respectively) which we interpret as a peripheral form-deprivation effect created by the lens mounting system used; its disappearance when lens wear was reduced is also consistent with this interpretation.
The result showing greater sensitivity in the case of the -10 D lens response to interrupted wear was obtained with hatchlings which also showed a relatively poor response when this lens was worn continuously. One could thus argue that this loss of effect with intermittent lens wear is simply an artefact of the small "maximum" response. However this possibility can be ruled out by our observation that 7 day old "intact" birds also showed negligible compensation (-0.8 D) when lens wear was interrupted by 3 hr of normal vision as they compensated well to the -10 D lens with continuous wear (i.e. -8.5 D over 4 days). The same interrupted wearing schedule had little effect on the response to the +10 D lens.
What are the implications of the observation that negative lenses mimic form deprivation in that both treatment effects are sensitive to interruption with normal vision (Nickla et al., 1989) ? Given the accumulating evidence that the mechanisms underlying form-deprivation myopia and lens-induced myopia are very different Bartmann et al., 1994; Wildsoet & Wallman, 1995) , we suggest that this similar sensitivity to normal vision reflects a common "recovery process" which, during the period of normal vision, corrects for any myopia previously generated, i.e., by the negative lenses or by form deprivation. Presumably, the dramatic effect of normal vision on these two apparently very different ocular treatments reflects the speed and effectiveness of these "recovery" processes involved, with the difference in sensitivity between the positive and negative lens treatment groups also implying that different processes are involved in these cases. The latter point is taken up again later in discussions of choroidal and scleral contributions to lens adaptation.
In interpreting our data, we examine the possibility that the amount of compensation might be in proportion to the duration of daily lens wear, in accordance with eyes compensating for the "average" level of defocus experienced each day. This may be an appropriate strategy to ensure that occasional focusing errors do not greatly influence the emmetropization process. Refractive error predictions based on this model are summarized along with recorded data in Fig. 6 (A) (hatchlings measured at 10 days) and (B) (CNS chicks). In our model we assumed that the periods of lens wear and normal vision were equally weighted in terms of their effects on eye growth, and thus that a lens worn for half the time would result in a 50% reduction in refractive compensation. It should also be noted that predictions do not take into account differences in the rates of adaptation to the +10 and -10 D lenses.
How well do our predictions mirror the results obtained? For birds with intact accommodation, the results for the +10 D lens correspond closely to predicted values while for -10D lens, observed refractive changes were always much lower than predicted. Contributing to the latter discrepancy is the poor adaptational response to the -10 D lenses, even with constant wear, and its abolition when even short periods of normal vision were introduced. The CNS groups presented similar pictures to the "intact" groups with respect to both the close correspondence between observed changes and predictions for the +10 D lenses, and the consistently reduced responses for the -10 D lenses.
The results for the +10 D lens support the hypothesis that eyes compensate for the "average" daily level of defocus experienced, while the results for the -10 D lens clearly do not. As adaptation to the +10 D lens was closely linked to duration of wear, this suggests some integration process that could be accomplished by sampling the refractive state of the eye at regular intervals, or more likely continuously. It is difficult to conceive how such a relationship could occur if refractions were only sampled once or twice each day, although better insight into the sampling process would be provided by studying the response in chicks to multiple, short periods of lens wear distributed across each day. The similarity of the effect of morning and afternoon lens wear would suggest that such refractive error sampling does not have a defined time window. It is also possible that the apparent integration of defocus information may reflect, at least in part, the temporal dynamics, e.g. long time constants, of growth processes triggered by the +10 D lens treatment.
Competing growth signals
Recent data reported by Rohrer and Stell (1994) provide biochemical support for the concept of "stop" and "go" growth signals; these authors put forward bFGF (basic fibroblast growth factor) and TGFfl (transforming growth factor beta) as "stop" and "go" modulators of eye growth. Although it should be noted that these data were obtained using a form-deprivation paradigm, we have used a similar system of "stop" and "go" signals in attempting to explain our "intermittent lens wear" data ( Fig. 7) . For the purposes of the following discussion, let us assume that constant myopic defocus activates a "stop" signal that slows eye growth and conversely, that constant hyperopic defocus activates a "go" signal which increases ocular growth. It is conceivable that similar "stop" and "go" signals are generated during normal development, depending on the eye's refractive error, and these together determine its rate of growth. For the +10 D lens (myopic defocus) groups in the current study, eyes receive a "stop" signal when wearing the lenses and a correcting "go" signal when the lenses are removed. Here, both signals seem to have significant weighting in determining eye growth with the result being that the "stop" signal generated by the positive lens is progressively dampened with increasing exposure to normal vision. The pattern is reversed for the -10 D lens (hyperopic defocus) groups, as eyes receive a "go" signal when wearing the lenses and a correcting "stop" signal when no lens is in place. Curiously in this case, results suggest that the correcting signal has a greater weighting than the "go" signal as little/no compensation to the -10 D lens was observed once normal vision was introduced. However in relation to differences in the apparent strengths of the "stop" and "go" signals under the two different lens conditions, one must keep in mind that the correcting signals in each case are operating on eyes that are assumed to have moved away from emmetropia. It is possible that this was not generally the case for eyes wearing -10 D lenses; this issue will be taken up again in discussion of the respective roles of the choroid and sclera in emmetropization.
The results for the -10 D lens suggest that the "go" signal generated by eyes experiencing myopic defocus is weak and/or very easily switched off. Put another way, the "stop" signal for eye growth appears to be more effective and this may indicate that the visual system has an in-built safeguard against growing too long and becoming permanently myopic. Also, as small hyperopic errors can be overcome by accommodation and are thus of less functional significance than myopic errors, this also argues in favour of an emmetropization process that is more sensitive to myopic defocus.
Age, accommodation and adaptation rate for positive and negative lenses
Why are responses to hyperopic defocus much slower :than those to myopic defocus? Results from formdeprivation studies rule out the possibility that the chick eye is simply unable to grow rapidly enough; e.g. under the same rearing conditions as used in the current study, 10--12 D of myopia has been observed with 5 days of form deprivation (Schmid, 1994) . However, as the mechanisms responsible for lens-induced, as opposed to form-deprivation-induced, increases in eye growth are likely to be quite different Bartmann et al., 1994; Wildsoet & Wallman, 1995) , this comparison may be inappropriate. Also form deprivation would provide a more consistent stimulus for growth as neither induced axial eye growth nor accommodation can improve the poor retinal image quality which presumably drives the excessive eye growth here.
Could accommodation be linked to the difference in response rates between the +10 and -10 D lenses? One possibility is that the emmetropization mechanism uses "average blur" in interpreting focusing errors; in this model accommodation is important because of its potential to modulate retinal blur. For example, positive lenses provide a relatively consistent level of retinal defocus with images of distant objects being always blurred, while with negative lenses defocus may be overcome by accommodation to provide clear vision at some or all distances. Thus if retinal blur serves as a stimulus for emmetropization then positive lenses should provide a stronger stimulus and thus elicit a greater "response". Furthermore, this difference is likely to be greatest for the younger chicks which, because of their larger accommodative amplitude, would be better able to sustain the level of accommodation required to neutralize the -10 D lens. The estimated amplitude of accommodation of the chick is 17 D (Schaeffel, Howland & Farkas, 1986) to 21 D (Schmid, 1994) at day 2 and decreases with age [15 D at 4 weeks ; 11 D at 10 days (Schmid, 1994) . That older birds would experience greater and more consistent retinal blur with the -10D lenses, and thus show improved compensation, is consistent with our results. A similar trend was reported by Wildsoet and Wallman (1995) ; older chicks (day 8) responded to hyperopic defocus much faster than young chicks (day 3), although in this case, the authors attributed at least part of this difference to the thickened choroids in the older birds, a consequence of their having previously compensated for positive lenses.
Two caveats must be applied to the above discussion. Firstly, the data do not directly address the contribution of accommodation to the reduced response to the -10 D lenses in the younger birds; this was not feasible because of the necessity to delay lens treatments to allow lid function to return following CNS. Secondly, if retinal blur serves as an index of defocus, one would expect the CNS group to compensate more effectively than its agematched control and more effectively for the -10 D lenses compared to the +10 D lenses; after the CNS surgery there is no distance at which vision will be clear through -10 D lenses, while +10 D lenses provide some opportunity for clear vision at near distances. However, the responses to both the -10 and +10 D lenses were similar, whether or not the chicks underwent CNS.
That the emmetropization mechanism can distinguish between, and appropriately respond to, myopic and hyperopic defocus implies that there is a fundamental difference in the way such focusing errors are processed and this is supported by evidence that ocular compensation to spectacle lenses is reduced for negative but not for positive lenses following ONS (Wildsoet & Wallman, 1995) . The latter result implies that separate mechanisms are involved. The inhibitory effect of ONS surgery but not CNS surgery on compensation to negative lenses suggests that some central feedback direct to the retina might be involved although the possibility of a feedback loop involving choroidal nerves which are generally left intact by the latter surgery cannot be ruled out. These data must also be considered in the context of a related report of Wildsoet and Wallman (1995) of parallel, age-related decreases in the amount of myopia produced in response to negative lenses and diffusers. As the youngest age group in the latter study was 3 days, this suggests any developmental maturation of the processing pathways involving lens compensation must have strict time constraints. The observation in the current study that the 1 week old chicks compensate better than newly hatched chicks for the -10D lenses, raises the possibility that the mechanism underlying the response to hyperopic defocus is also developmentally immature at hatching.
Accommodation as a cue to emmetropization
The preceding discussion addressed the issue of accommodation as a modulator of retinal blur. Accommodation per se is also an attractive candidate as a cue to defocus which could be used by the emmetropizing mechanism; appropriate for this would be some measure of average accommodation which would reflect the need of hyperopic eyes to accommodate continuously to see clearly, while myopic eyes experience clear vision at a range of distances without accommodating. A logical extension of this proposal is that any accommodative activity used to reduce the defocus associated with negative lenses, is taken into account during emmetropization. Consistent with the latter proposal, adaptation occurred to the -10 D lens, whether or not accommodation was intact. However, the observed retention of the ability to differentially respond to positive and negative lenses in the absence of accommodation seems to argue against accommodation being a fundamental cue for emmetropization. These data are also complemented by findings from three other studies in which emmetropizing responses were observed in the absence of accommodation. Schaeffel, Troilo, Wallman and Howland (1990) used Edinger-Westphal lesioning to eliminate accommodation; used in combination with bilateral lens wear, this surgery had little effect on refractive compensation as indexed by interocular differences in refractions. Schwahn and Schaeffel (1994) similarly interpreted interocular differences in chicks fitted with bilateral lenses (+4 and -4 D lenses) and cyclopleged during lens wear, although in this study eyes were also injected with 6-hydroxydopamine and an unusually short light cycle (3 hr day) was used. Finally, CNS has been shown to have little effect on recovery from form-deprivation myopia .
Role of choroidal and scleral mechanisms
The recent documentation of separate choroidal and scleral mechanisms that contribute to lens compensation (Wallman et al., 1995) has important ramifications for the results presented here because of inherent differences between these mechanisms, both in terms of their relative contributions to the responses induced by positive and negative lenses and in their temporal dynamics. In brief, the choroid contributes most to the compensation to positive lenses (by thickening), and to a lesser extent to the compensation for negative lenses (by thinning). In contrast, the scleral mechanism contributes more to the adaptation to negative lenses and is slower than the choroidal one (Wallman et al., 1995; Wildsoet & Wallman, 1995) ; it may also involve a lag period as has been observed for form-deprivation myopia (Rada, McFarland, Cornuet & Hassell, 1992) .
The pattern of response to intermittent lens wear may reflect, at least in part, the different temporal dynamics of choroidal and scleral changes. To understand why this might be so, it is necessary to consider both the changes that are likely to occur during lens wear and those necessary to reverse them. Thus for the positive lens case, even relatively short periods of lens wear may produce some choroidal thickening, resulting in hyperopia when lenses are removed. Choroidal thinning and increased scleral growth is required to reverse this effect. Given our finding that equal periods of lens wear and normal vision resulted in residual hyperopia, this suggests either that the expanded choroid thins more slowly than the normal choroid can expand [this rate information is not known although choroidal thinning appears to occur more quickly than scleral changes (Wildsoet & Wallman, 1995) ] or that the inhibitory effect on scleral growth is more difficult to reverse. In the case of the negative lenses, adaptation is always likely to be less, irrespective of the duration of lens wear, because it depends more on the slower scleral mechanism. Thus here, when the lenses are removed, only low myopia attributable to choroidal thinning is likely to be present; this choroidal response, being smaller and also requiring choroidal thickening for its reversal, should be more readily reversed. Ultimately, if the period of normal vision were reduced sufficiently, a point would be reached where recovery would be incomplete, leaving some residual myopia. Our data indicate that this critical time is less than 3 hr. A similar scenario can be argued for form-deprivation myopia which also involves choroidal thinning and increased scleral growth (Wallman et al., 1995) .
Was a difference between the effects of early morning and late afternoon lens wear expected? We found little difference for the +10 D lens used in this comparison. However, Weiss and Schaeffel (1993) have reported a diurnal cycle to "eye growth" in which eyes apparently shrink at night and thus one might expect lens wear in the afternoon to produce more compensation as this would be complemented by the natural tendency of eyes to shrink. That there were no differences between "a.m." and "p.m." data suggests either that the diurnal changes are insubstantial relative to the presumed inhibitory, emmetropization signal generated by the +10 D lens or that time lags preclude such interactions.
Comparison to lens wear in other animals
The work described in this and related cited papers has used chicks as an animal model for emmetropization and thus a question which arises is how general are the findings from this study?
To date, there has been only limited use of lenses to induce refractive errors as a way of studying emmetropization in other animals and much of the data are equivocal. For example, in cats, both positive and negative lenses produce myopia (Nathan, Crewther, Crewther & Kiely, 1984; Ni & Smith, 1989) and in tree shrew, compensatory changes are limited to low powered lenses of both sign and high powered negative lenses; indeed, high powered positive lenses result in vitreous chamber elongation in the latter species (Siegwart & Norton, 1993) . While earlier data for primates (Smith, Harwerth & Crawford, 1985; Smith, Hung & Harwerth, 1994; Crewther, Nathan, Kiely, Brennan & Crewther, 1988) are conflicting, recovery responses documented in animals that had refractive errors previously induced, support the concept of defocus-induced emmetropization as do more recently reported data involving lower powered spectacle lenses [+3 and -3 D (Hung, Smith and Crawford, 1994) ]. The apparent differences in the emmetropization response range of chicks compared to tree shrews and primates, as indicated by such lens studies, may be due in part to the larger accommodation amplitude of the chick (Schaeffel et al., 1986; Schmid, 1994) which, for high powered lenses, may allow them to reduce focusing errors to "acceptable levels". Interestingly, Hung et al. (1994) also found that in their monkeys wearing a lens over one eye, emmetropization generally occurred in the "non-fixing eye" which exhibited inappropriate accommodation for the viewing conditions; this eye corresponded to the lens-treated eye with negative lenses, and the untreated eye with positive lenses. These observations contrast in important ways from the results obtained with chick, although at least part of the difference may be attributable to the unyoked nature of accommodation in the chick and the yoked nature of accommodation in primates. To reiterate, chicks show similar emmetropizing responses in lens-treated eyes, whether or not accommodation is available to overcome lens-induced defocus. Furthermore, even though with monocular lens treatments, it is likely that the lens-treated eye is used only intermittently, similar responses have been described for chicks which were forced to use their lens-covered eye constantly by occlusion of the other eye (Wildsoet & Wallman, 1995) .
The observation of a "contralateral effect", i.e., in the non-treated eye by Hung et al. (1994) , while not new to chick studies, carries different connotations. Thus in chicks, Wildsoet and Wallman (1995) reported that contralateral eyes showed similar response patterns to those of the lens-treated eyes although substantially reduced. It was suggested that such effects might occur through diffusion of growth factors released from treated eyes, through the thin orbital wall separating the two eyes. In the current work, slight contralateral effects were also observed in "constant lens wear" groups, although they were in the reverse direction to those observed by Wildsoet and Wallman (1995) : for the hatchlings in the current study, the contralateral normal eyes of the -10 D lens constant wear group were, on average, 2.4 and 2.7 D more hyperopic than those of the +10 D lens group on days 5 and 10 respectively (P < 0.05 in both cases, MWUT). This refractive difference was also consistent with vitreous chamber data (the normal eyes of the -10 D lens group being slightly shorter than those of the +10D lens group although the difference was only significant on day 10; 0.08mm shorter; P<0.05, MWUT). The reason for this discrepancy is unclear although Wildsoet and Wallman (1995) used higher powered lenses and chicks were cyclopleged for refraction. Also no contralateral effect was seen in the chicks subjected to CNS prior to lens wear although in this case, choroidal blood flow may also have been affected by the surgery (Shih, Fitzgerald & Reiner, 1993) . The failure to see any contralateral effect in groups subjected to intermittent lens wear is not surprising, given the reduced responses of treated eyes observed under these conditions.
Relationship to human data
Of interest to clinicians is how the results presented in this paper relate to human refractive development. Are there conditions analogous to those used in the current work? For example, is there any evidence of adaptation to positive and negative lenses in humans and what is the likely consequence of intermittent spectacle lens wear?
Arguing against significant adaptation to negative lenses per se in humans are the findings that neither overcorrecting myopes (Goss, 1984) nor overcorrecting exotropes (Rutstein, Marsh-Tootle & London, 1989) leads to accelerated myopia progression although it is not clear for either study whether the spectacles were worn constantly and by analogy with the results reported here for the chick, any interruption to spectacle wear is likely to prevent lens adaptation. A common concern of myopes is whether the correction of their myopia will exaggerate their condition. Arguably, if as in chick, myopia in humans may also be caused by hyperopic defocus, e.g. due to an accommodative error during near work, then the prescribing of correcting lens for constant wear would simply re-introduce the pre-existing error and accelerate myopia progression.
In relation to positive lenses, Dobson, Sebris and Carlson (1986) have reported poorer emmetropization, i.e., less reduction in hyperopic refractive errors, for strabismic infants wearing positive lenses compared with those not given spectacles. While spectacle lenses are generally given to correct existing refractive errors and establish emmetropia, overcorrection in the management of convergent strabismus is common practice with young children and introduces the possibility of adaptational increases in hyperopia, especially if such responses to lens-induced myopic defocus are as robust as in chicks, in the event of the signal being intermittent. However, again the picture is not clear cut as Atkinson, Braddick, Wattam-Bell, Durden, Bobier and Pointer (1987) reported no effect of positive lens wear on the refractive development of human infants. Also the wearing patterns of the children are unknown variables in both cited studies.
With respect to the intermittent lens wear, the closest parallel to the current work is with people who wear their spectacles on an intermittent basis only. For negative lenses, the data on part-time wear and undercorrection are limited and equivocal. For example, removing spectacles for near work does not appear to retard myopia progression (P/irssinen, Hemminki & Klemetti, 1989) although an error of focus cannot be presumed under these conditions. Also as pointed out earlier, by analogy with the chick data presented here, spectacles would need to be worn continuously if myopia produced in response to hyperopic defocus is to be made worse by its correction. A parallel can also be drawn between the intermittent lens wear paradigm and conditions created by either not correcting or undercorrecting anisometropes. Such subjects commonly "alternate", using their more myopic eye for near tasks, and their other eye for distance tasks so that one eye is always defocused relative to the target of interest. Unfortunately here too there is a dearth of data that can provide any insight into the consequence of these management strategies.
CONCLUSION
This study confirmed previous reports showing that chicks can emmetropize to compensate for both hyperopic and myopic defocus. When lens wear was interrupted by periods of normal vision, adaptational eye growth responses to negative lenses (hyperopic defocus) were much more affected than those seen with positive lenses (myopic defocus). Significant myopia developed only if the -10 D lens was worn continuously; in contrast hyperopic changes in response to +10 D lens was seen even when lens wear was interrupted on a daily basis by long periods of normal vision. The similarity of the effect of normal vision on form-deprivation and lens-induced myopias suggests that in these cases, similar "overriding" emmetropizing growth signals are evoked during the period of normal vision, regardless of the mechanism underlying the myopic responses. The differences in sensitivity between responses to positive and negative lenses, may reflect the time dynamics of mechanisms underlying these responses and/or the choroidal and scleral contributions to these responses.
